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The purpose of this study was to  assist i n  developing elevations in the tailrace was determined. The 
, the designs of the forebay channel and tailrace for both measured water surface elevations were slightly higher 

6- and 12-unit plant configurations. I n  addition, effects (maximum of 1.6 feet) than those determined 
of simultaneous operation of the new and existing theoretically. 
fcatures were determined. 

7. Measurement of zransient velocity and water surface. 
in the &unit tailrace during a plant startup procedure 

CONCLUSlONS showed no sudden increases in velocity or turbulent 
fluctuations, or waves which could damage the bank 

1. The design of the forebay channel required material. Similar results would be expected for the 
modifications to  improve the velocity distribution. The 12-unit plant. 
forebay charmel floor was excavated to  elevation 11 10 
and a dike at elevation 1150 was left at the upstream 8. 700-megawatt (Mw) units are presently being 
end of the channel, resulting in cmsiderably improved discussed for installation at the remaining three 
velocity distribution. The right wall of the channel was authorized units (three 600-Mw units are under 
moved inward as far as possible to minimize construction). Discharges corresponding to  the larger 
excavation. Excavation of the rock formation at the units were not tested during this study; however, some 
iuncture between Grand, Co~llee Dam and F o r ~ p a y  increase in the severity of problems such as vortex 
Dam improved velocity distribution. ,.. - formation and bed scour would be expected. 'A 

Therefore, a change t o  700Mw units should not be 
2. Guidewalls in the upstream portion of the foreb& made unless additional Ztudies are made to  evaluate 
channel improved the velocity distribution but created&, these effects. :I 
excessive head loss (up to 7 feet). 

3. A low s ~ l l  tn the forebay channel between Unirs 24 
and 25 created excesswe surface d~sturbances and head APPLICATIONS 
loss. This sill was proposed t o  reduce excavatton when 
the 6 unlt forebay channel 1s extended for 12 unlts. The results of this study apply specifically to  the 

Grand Coulee T h ~ r d  Powerplant, which is essentially 

4. Vortices formed above some of the penstock unique. 

entrances for water surfaces below elevation 1240. The 
occurrence and severitv- of the'vortices increased with 
decreasing reservoir elevation and w i th  an increase i n  
the number of units operating. Additiona1:;tudies were INTRODUCTION -. 

required,for development of appurtenances to  alleviate 
vortex formation in the event that prototype operation The existing Grand Coulee Dam, Figure 1, includes as 
discloses a problem, and are described in a separate its primayfeatures a spillway, multiple outlets, and a 
report. powerplant on each bank. The spillway is designed for 

' .  . . 3 a maximum discharge of 1 million cubic feet per 

5. Only minor modifications were required for the second (cfs) at- maximum reservoir elevation 1290. 
tailrace configurations of the 6- and 12-unit plants. The Each powerplant h a s a  capacity of Bjproximately 

;?de:ij~d shape of  the right bank was determined in each 1,000 Mw. 
case, and velocities and wave heights were measured. 
The model study suggested that the concrete Thu  Columbia River Treaty with Canada has made 
cofferdam pad near the anchor block between the passible additional storage capacity upstream from 

-",Right Powerplant and the Third Powrplant should be GFand Coulee Dam. Previously, water has been wasted 
retained ag a permanent feature to  block the movement over the spillway. Therefore, the Third Powerplant was 
of bed material into the draft tube discharge region of 'conceived as a very attractive addition to  the Grand 
the Third Powerplant. Coulee complex. 



Fagwe 1 Grand Coulee Dam - Exlsmg features PholoTP222-D-9106 

The Third Powerplant, Figure 2, will have an ultimate powerhouse structure were attached and the tallrace 
capacity of 7,200 Mw in the form of twelve 600-Mw topography was installed. The model iduded the 
units. Six units are presently authorized. This will be spillway and both existing powerplants from thestart. 
the most inexpensive hydroelectric power in the 
United States from a p ! k t  which isexpected to be the Water was supplied to the model through two risers 
world's largest for many years. Installation of the 12 .i+hich could be adjusted to modify the pattern of flow 
units will occur in stages wcordmg to the growth in entering the model. Discharge w3s measured with 

1 
need for pcak;ng power. Estimated completion for full permanent volumetrically calibrated venturi meters. 
capacity i s  1992. Reservo~r elevations were set by staff-qagej; head loss 

&s measured with point gages. ~.iiiv&r elevations 
Three 6OOMrr units are now undef construction. were also setwith a staff gage. Water s~rface prof~les in 
Increasing the size of the remaming three authorized the tailrace were determined w ~ t h  piezometers 

un~ts to 7OOMw is  being discussed. Though ef.? exact mounted flush with the riverbed. The piezometers were 
effects are unknown, an increase in the sererity of connected to a pressure transduoer. The output from 
potential problems such as vortex formation and bed the transducer was displayed on a digital voltmeter, 
scour would be expected. with voltage corresponding to head on the transducer. 

Velocities in the forebay and tailrace were measured 
with a mmiature propeller meter connected to an 

THE MODEL electronic counter and paper tape prlnter or with a 
p~to t  tube connected to a different~al pressure 

The 1:120 scale model was constructed and tested in transducer. Waves were recorded with capacitance-type 
stages, according to the need for des~gn ~nformat~on. probes connected to a d~rect-writing oscillograph 
The preliminary forebay channel for the 12-unit plant recorder. 
was installed and tested fmt. Later, the penstocks and 





Preliminary design. -Figure 3 shows the initial con- 
figuration of the forebay channel. The upstream 
portions of the' penstocks and the pnstock en- 
trances were simula:ed with'4-inch-dib'meter plas- 
tic tubes (40 feet. prototype) with slide gates on 
ttie downstream ends of the tubes. A portion of the 
topography at the upstream end of the forebay 
channel was included. Velocities were measured. 
across the iorebay channel on a line representing 
an extension of the upstream face of Grand Coulee 
Darn, and on lines perpendicular to the Forebay 
Dam abproximately 300 and 600 feet downstream. 
Surface; flow panerns in the forebay channel are 
represi:nted by the confetti streaks in Figure 4. The 

, total disr3arge through 12 units was 330,000 cfs, 
reservoir elevation 1208 (minimum). The confetti, 
streaks indicate that the flow is directed toward the 
right side of the channel, with accompanying high 
velocities in that ar22 The eddy formed down- 
stream from the corner at the junctuve of the dams 
is apparent, as well as surface swirls along the face 
of the Forebay Dam. Figure5 isa closer view of the 
eddy iormea at rhe corner. ior a discharge of 
392. 400 cfs. reservoir elevation 1290 (maxi - 
mum). Nearlydead water occcrs at the downstream 
end of the channel. 

Velocity distrib~ltions for these conditions are shown 
in Figure 6. At reservoir elevation 1208. Figure 
6A, upstream velocities to 3 feet per  second (ips) 

Flgure 3 Prellmlnary forebay channel Photo f 1 2 2 2 -  
D-72991 

Flgure 4 Flaw paltern in prelmtnary forebay channel Photo 
P1222-D-72992 

Figure 5.  Flaw pattern at juncture between dams Photo 
P1222-D-72993 

were observednear the Forebay ~am'(le&ide of 
channel). Velocities' over 1 1 fps occurred near the 
right side. These werrLverage velocitiesttherefore. 
higher inst~z5irieous velocities would be expected. 
Attempts were made to limit the velocity along the 
right side to less than 10 fps. A t  reservoir elevation 
1290, the highest velocities occurred in a limited 
region near the lower left corner of the channel, 
Figure 6B. Both Figures 6A and 6B show that the 
corner eddy is primarily a surface, phenomenon. 
Vortices formed above several of the penstock en- 
trances at the minimuin reservoir elevation. The 
change in water surfaceelevation from the 





body of the reservotr to the first unit was 
approximately 2 feet at minimum reservoir. The 
change was negligible at maxlmum resrvolr. 

.. .. .~ . ~ .  . .. 
Several modifications and appurtenances were tried in 
attempts to improve velocity distribution in the 
forebav channel. Rounding of the corner at the 
juncture of the dams had no effect. The remaining 
topography between the channel and the reservoir was 
installed for this test. 

Guide walls placed in the channel, such as that shown 
in Figure 7A, were successful in improving the velocity' 
distribuiion. Such structures would consist of 
unexcavated rock. Improving the ve1ocity:distribution 
allowed the right wall to be moved inward, as shown in 
Figure 78. This arrangement improved the velocity 
distribution, but resulted in excessive head loss. Water 
surface drop from the :eservoir was as much as 7 feet. 
Operation without the guide wall in the middle part of 
the channel suggested that some revision of the right 
wall configuration wouid be advantageous. 

After several more trials, the configuration shown in 
Figure 8 was determined to be a necessary 
improvement. The channel floor war lowered to 
elevation 11 10 and a curved rock dike, with its crest at 
elevation 1150. was placed across the channel entrance. 
The resulting veloci$ distribution is  showrl in Figure 9. 

Lowring the topography at the corner from elevation 
1250, Figure 10A. to elevation 1190, Figure 10C. 
further tmproved the veloc~ty distrtbut~on, Figure 11 
I t  was later determined that the topography could be 
lowered to elevation 1200 wlthout an unreasonably 
large amount of excavatlon. 

M0vir.g the r~ght wall inward 20 feet resulted in the 
velocity distribution of Figure 12. This change had no 
apparent affec: on the velocity distr~butio~. 

Recommended &sign.-After several addttlonal minor 
mod~fications, the forebav channel configurat~on 
shown i t -  Figure 13 was reccmmended. 

Velociw d~stribut~ons for the 12-unit confiou:atic~ -re 

A. Photo P1222-D-72995. 

- 
given in Figure 14 (the corner topography was at 

Flgure 7 Trial curved Qulde wal 
elevat~on 1225 during these measurementsl. Velocities 
of nearly 11 fps were measured along the right wall; 
however, these veloctties were determined to be 

much larger than 20 inches, the expected velocities channel, the subsurface movement ts nearly parall 
should cause no problem. 

6 

8. Photo P1222-0-72994. 



Rocemmended dlke. Photo P1222-0.73005 

:.. . . 
Figure 9. Velocity distribution at Section A with recornmen- 
ded dike. 

to the fzce of the Forebay Dam. By m a w r i n g  the 
exact camera shutter speed, the veloc~t~es could be 
determined by measuring the length of the streaks 
These data were useful In designing the trashracks for 

the penstock intakes. F~gure 16 shows surface flow 
patterns near the upstream units (19, 20, and 21) and 
ntar the downstream m t s  (28. 29. and 30). Flgure 
16A shows a standmg wave which causes rapid 

~leceleratlon of the sxface velcclty. The shadow of  this 
wave can be seen on the channel bottom. The surface 
eddy above Unlts 19, 20. and 21 is also aoparent in t h ~ s  
photograph. 

The following obsprvat~ons on vortey formation were 
made for the 6-unit plant conflguratlm. 

Unlt 19 operatmd-alone at a discharge of 31,000 
cfs: 

Dimpling of the water surface immediately after 
submergence of the entrance. Decreasing strength 
as the water surfaae rose to  the minimum 
reservoir eleve.tion 1208. Dimpling again noted at 
elevation 1213. Weak circulation with no surface 
din~pling at elevation 1250. 

A. Photo P1222-D-73018 

8. Photo P1222-0.73016. 

C Photo P1222-D-73017 

Ftgure 10 Varlable topography at juncture between dams 

Units 19. 20, and 21 operating. each at a d~scharge 
of 31,000 cfs. 

Below elevation 1208, short duratlon, weak to  





Prototype velocity pattern-Perpendicular to d units 
laaking downstream-100 feet upstream f r m  E Unit 19  
12 units operating 0 = 372.000 efs Resewoirelevation 1208 

8 Figure 14. Velocity disribution in rocommendad foreba~&nsl. 

I 
, - 

established. Additional studies on a larrrer ml 

. . ., . .;, .. ..~.;,*, . .. 
: .. , .?,.>' . . 

, . .  , . , ,, , , .:, . During the course of the forebay channel tests, the ~. 

' were observed up to reservoir elevation 1263. 
I. 

Dimpled surface throughout the length of the 
channel. Tailrace ., 

q > ,. '. - 
I 

The effects of these vortices on operatton of the Six-unitplant.-The model was modified to include 
be determined in this study. the penstocks, powerhouse, and tailrace for the 

Aka, the exact performance of the prototype fore- 6-unit plant. Figure 17. 



A. Units 1922. Photo P1222-D-72996 

B. Units 1921. Photo P1222-0-73900 

Figure 17. Preliminary 6-unit tailrace conRguration. Photo 
P1222-D-72997 

Two configuratiorls of the right bank of the tailrace 
channel were tested. Figure 18 shows the prelimi- 
nary configuration of the right bank of the tailrace 
channel. along with locations of velocity measure- 
ments. Table 1 shows the velocity data. Velocities 
exceeding 15 fps were measured at seseral points. 
The maximum recorded velocity of 17 fps would 
cause movement d riprap material less than 42 
inches in diameter.' Concern over the possible 
movement of channel bed material resulted in a 
modification to the right bank. The recommended 
configdration and locations of velocity measure- 
ments are shown in Figure 19. The resulting veloc- 
ities are shown in Table 2. The maximum recorded 
velocity of 13.5 fps vdould move riprap(:ess than 
27 inches in diameter. Figure 20 shows several 
representative flow conditions in the recommended ' 
tailrace channel for the &unit plant. 

The question was raised concernir.g the possible 
movement of bed material between the existing 
Right Powerplant and the tailrace of the Third 
Powerplant. Velocities measured in this area for 

C. Unltr 28 30 Photo P1222-D-73001 
Ftgure 18 Veloclly measurements in prsltmlnary 6-unit tall- 

F~gure 16 Surface flow pattern in forebay channel race Photo P1222-0.73006 

'Ftgsre 165. "Hydraul~c Design of Sttlltng Bastns 
and Energy Dtss~pators". Bureau of Reclamatton 
Engmeermg Monograph No 25.  July. 1963 



. Velocitie 
No. 

Run 
No. 

,, - 
1 
2 
3 
4 

7 
7 

'Unit 

Exizting 
plants 

0 
0 

90.000 
90,000 
90,000 
90.000 
90,000 

2-24 

s - - 
- 

1 

6-unit ': Total tailwater 
3rd PP Spillway discharge elevation Backwater 

* 93,000 " 0 93.000 953.8 
186,000 0 186,000 . 963.5 1.8 
150.000 0 240,000 968.6 
186,000 24.000 303,000 973.9 
186,000 224,000 500.000 988.7 
186,000 474,000 750.000 1005.8 
186.000 724,000 1.000.000 101 8.4 

lhree representative flow conditions are shown in 
Figure 21. %I cases where the model v&zities were 
too low to measure with theminiature propeller 
meter, only flow patterns areshown. The magni,  
rude of the velocities sugges:ed that some of the 
material (less than about 4 inchas in diameter) 
might tend to move into the Third Powerplant 
tailrace. Since a concrete pad was to be constructed 
for suppon of the cofferdam, it was suggested that' 
this pad be left in place after completion of con- 
struction.,.The pad, shown in Figure 22, will tend to 
block the movement 'of. material toward the 
Powerplant tailrace. :.I. 

.~ .. 

tailrace. Photo Pl222-0.73007 

11 

- fps - 
4 
- 
4.4 
0.5 
3.0 
1.7 
3.5 
3.8 
5.3 
6.3 
4.8 
0.9 
7.8 
3.7 
7.3 
1.2 

121 
- 



Table 2 

VELOCITIES MEASURED AT POINTS IN FIGURE 19 

Velocitie 
1A I ZA 13A 

Run 
No. Backwater 

1 A 
2A 
3A 
4A Runs described on Table 1. 
5A 

6A 7A // 1 3.0 2.4 

U n m  27-24 of Thwd Powerplant, Q = 93.000 cfr, U n m  19-24 of Thwd Powerplant. Q = 186.000 cfs. 
tallwater elevatton 953.8. Photo Pl222-D-73014 tallwater elevar~on 963 5 Photo P I  222-D-73013 

F~gure 20. Flnw condtrlono in the recommended 6-umt taslrace 

12 



Units 1924 at 0 = 150.OM) cfr plusexirtmg 
plants at 90.000 cfs: tallwater elevatnon 968.6. 

Photo Pl222.D770ti2 

Units 19-24 a t  0 - 186.000 cfs plus existing \ 
Plants a1 90,002 cfr, spillway at 24 .W rfs: 

tailwater elevation 973.9. Photo 91222-0-73011 

Units 19-24 a Q = 186,000 cfr plus existing Units 1424 at  0 - 186.000 cfs PIX exining 
plants at 90.000 cfr, spillway at 224.OU) cfr: plants at 90,000 c f ~ :  spillway at d 14,000 cfr: 

tailwater elentian 988.7. Photo P1222-D-73010 tailwater elevation lW5.8. Photo P1222D-73009 

Unm 1424 at C = 186.C30 cfr plus exirtmg 
plants at 90.W cfs. ~plllway at 724.000 cfs. 

tailwater elevation 1018.4. Photo P1222-0-73008 

Flgure 20. F l w  conditions in the recommended &unit tadrace.-Cantmued 





All 1 2  units, existing powerplants, end willway 

Agvre 22. Mferdarn pad near anchw Mock. Photo PI  222- 
0-72998 

TWIYB-unit plant.-Figure 23 shows the  preliminary 
tailrace sonfiguration for the 12-unit plant. Thc 
retaining wall at the base of the slope on the right 
bank was skewed 16.5O toward the channel. Figure 
24 shows the location of velocity and 
wave-measuring instrumentation and surface flow 
patterns, as indicated by confetti, for three 
representative flow conditions. Figure 26 shows 
velocities and trough-to-crest wave heights in the 
preliminaw tailrace. Velocities along the right bank 
approach 10 fps, suggesting the possible movement 
of bed material. The retaining wall was rotated so 
that its new location was perpendicular to the 
longitudinal axis of the powerplant. Velocities were 
again recorded, as shown in Figure 26. This Units 2630 operating. Photo P1222-0-73W2 

configuration was recommended for the final design. 

.,*.. o.,...,.. . .,... .,. c.....o.,., 

All 12 units operating. Photo P1222.D-79003 

Figure 24. Flow patterns and instrumentation in 
Figure 23. Preliminary 12-unit tailrace mnfiguralion. preliminary 12.Unit tailrace. 
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During this phase of the testing, some movement of shows the total backwater existing between the Left 
channel bed material was experienced in the Powerplant and the bridge gage, with downst:eam 
prototypc'i;ear the Left Powerplant. The model was 'Channel A or B, for a full range of discharges from 
used to:w!aluate the extent of this movement. Sand 0 to 1,000,000 cfs. These data show that ~ a n k  B is  
was p lacedk  the model in the area adjacent to the somewhat advantageous with respect to backwater " 

Left Powerp!ant.',After 1.112 hours of operation, effects. Comparison of the backwater effects of 
with the Leti-Powerplant discharging alme at a Banks A and B with the existing channel are shown 

,: 
capacity of 45.000 cfs, there was some indication in Figure 30. !i 

of movement of sand toward the main channel. ' I  
~~ ~~ 

Also some beaching effect occurred a t  the water ",;, /; 
surface. no deposirs were noted near the Hydraulic trgmient i'ests-The purpose of these te$s i: !! 
left trainins wall of the soillwav ,-he modpl war was to determin.? the transient flow conditioris ; - , - , . . - - - - . . . - - 
men operated for about 1.112 hours with 45 000 occurring on the left bank of the tcilrace channel / .... 
cfs through the Lefr and Right ~ower~lants- and dur~ng startup of the 6-unit Third Powerplant. ~ h $  

aboilt 750,000 cfs ovtr the spillway. The tendency model was operated to simulate what was considered 
for the sand to move down the slope was noted. A to be the most severe operating condition, with respe,;; 
sandixr was formed between the left tailrace to startup of the units. The steady-state cond~tion at 
channel and the main channel and a deposit existed the start of the test cons~sted of Unit 19 at full load 
on the downstream Side of the roller bucket in the wlth 31.500 cfs discharg~ng. The existing plants were 
left one-third portion of the spillway. No deposit units 2024 were operated at a speed.no.load 
was noted near the left trainmg wall. 

cond~tion. 10 percent of the full-load discharge. The 
tailwater was set at slevetion 949.2. Units 20-24 were 

Tailrace backwater tests.-Because of modifications to men brought up to the full load in succession with 
the channel banks downstream from the site, the each unit requiring 3 minutes (prototype).- 7his 
need ex~sted to evaluate the backwater effects of occur only under emerge 
various bank mnf~gurations. If possible, attempts mndltions 
would be made to reduce the backwater to increase 
the power head. The channel was carefully shaped 
accord~ng to the latest cross section information; Instantaneous values of velocity, wave helghts, and 
water surface elevation gages were located at tailwater elevation were measured on the left bank near 
positions corresponding t o  those in the prototypz, Station 27+77. This location wzs determined. to be 
and the model was operated at several required optimum for measurements by observing currents and 
conditions. Water surface elevation gages in the mode! by inspecting prevlous velocity data. The pitot tube 

consisted of piezometer openings which were andwace probe used for measuring velocity and waves 
connected to a pressure transducer for very accurate are shown in  Figure 31. 
measurement of the water surface. 

Two separate tests were performed. In the first test, an 
The model was first operated with the existing tailrace effort was made to the tallwater change by 
configuration t o  determine model-~rototvpe operating the tallgate.  hi^ proved to be 
conformance. The data of Figure 27 show that this unsatisfactory because the exact relat,onship 
conformance was quite good. The correct water surface between time and tallwater elevation was not known, 
elevation was preset at the bridge gage. and (2) waves reflected from the mov~ng tailgate . 

The model was then operated w ~ t h  bridge gage 
water surface elevations set to correspond to 
computed elevations for operation with two 
different downstream channel configurations (A and 
0). and The tallrace configurat~on for the G u n ~ t  
Third Powerplant. The bas~e downstream channel 
configuration had been previously soecified, and was 
denoted as fdl channel "D. The watzr surface 

affected results a t  the rneasurlng polnt. A second test 
was performed in which the tailgate remained 
stationary. It washssumed that over the duration of 
the tests, waves did not have time to reach the 
downstream control point and travel back upstream to 
the model test sectlon. I f  this assumption is  incorrect. 
then the model represented a more severe condition 
than the prototype. 

elevation data are shawn in Figure 28. Figure 29 
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Flgure 29  Total backwater between Leh Powerplant and 
Orldge gags. Banks A and 8, steady flow 

Figure 3 1  Pstot tube and wave probe used in hydraulic 
transtent test Photo P1222-0-73015 

Wave and velocity data did not indicate the pas- 
sage of a well-defined surge wave; Instead, a 
gradual increase in the velocity and tailwater was 
indicated. Waves were tco small to measure. The 
velocities were measured at about 20 feet and 
about 3 feet, above the riverbed. These data are 

r O 1 ~  summarized in Figure 32. They do not indicate the 
presence of sudden increases in velocity or turbu- 
lent fluctuations which would cause damage to the 
bank material. Similar results would be exDected far ,o,ot@LEFT P O ~ ~ U O ~ S ~ ,  M C D ~  the 12-unit plant with gradual increase to the final 

6 - U Y 1 T  3rd PP l l T H  B A N I  & 

F I L L  C H ~ N N E L  0- velocities and tailwater level. 

Figure 32 also shows that a near steady-state 
condition should occur about 30 minutes after the 

- ~ D O O  beginning of the operation. If the time required for 
I 
3 - the reflected wave to reach the tailrace is greater 
* 
o than 3G minutes, then the model resu,!ts are valid. 

Otherwise, the measured velocities should be re- ' y  
'? duced to reflect the effect of ?he negative wave. ? 990 - 
z s 
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Figure 32. Rerultr of hydrmk transient test. ' 

Fsgure 30. Backwater in sxastmg and modofled channe!; , 
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CONVERSION FACTORS-BRITISH TO METRIC UNITS OF MEA!WREhIENT 

The metric u n i u  and mmrsion fanorr adopted by the ASTM are b w d  on the "International System o f  Unin" 
(&rigmated 51 for Syrreme international d'Unites1. fixed by the Interrational Committee for Weights and 
Meaurer: this wstm is also known ar the Giorgi a MKSA !metor-kilogram Imssl.remnd-amperel rynem. This 
system has been adopted by the International Organizarianfor Standardization in IS0 R ~ s o m ~ r d a t i o n  R-31. 

The metric tshnisal unit  of f a c e  i s  the kilbpram-force: thir  ir the f ace  which. w h n  app(ied to a body hwing a 
m a s  af 1 kg. gives i t  an =celeration of 9.80665 m l d r e c .  the standard asceleration of frse fall toward the ea r3 r  
enter  for sea lwe i  at 45 deg latinods. The metric unit  o f  fwce in $1 units is the newton INI, whish is defined ar 
that force whish. when applied to a body hminga m s o f  1 kg. yiws i t  an acceleration of 1 m l w / w .  ~ h & n i t r  
must be distinguished from the i i ~ o n r e n t l  losai w i g h t  of a body having a mas of 1 k g  that i%, the weight of a 
k d y  ir that force with which a body is atwaned t o  theearth and is equal t o  the mav. of a bcdy mdtiplied by the 
~ ~ ~ d e r a t i o n  due fa gnuin(. However. bacaum it is general practice lo use "mud' rather than the twhnisaliy 
c w r e t  term "pound.force." the term "kilopram" (or derived mass unit1 has M e n  "red i n  thir wide innead of 
"kilogrsm.force" i n  expressing the conversion fadon  for for- The o m c m  unit of force will find increasing un. 
and ir eneotial in 51 u n l u  

Where approximate or nominal English units are "red t o  axpren a value or range of valuer. the c ~ u m e d  m n i s  
u n m  in parenthers are alro approximate or nomiml. Where precise English un iu  are uwd. the cmuened metric 
un iu  are exprcrxd a oqudly ri@ificanlvalues. 

Table I 

- OUANTlTlES AND UNITS OF SPACE 

Muh8ply - To obtaon 

LENGTH 

Mil  . . . . . . . . . . . . . . . . .  
Inchar . . . . . . . . . . . . . . .  
inEhEs . . . . . . . . . . . . . . .  
Feet . . . . . . . . . . . . . . . .  
Feet . . . . . . . . . . . . . . . .  
Feet . . . . . . . . . . . . . . . .  
Yards . . . . . . . . . . . . . . .  
Miles l r e t ~ t e l  . . . . . . . . . .  
Miles . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . .  Mlcmn 
Mil l imterr . . . . . . . . . . . .  

. . . . . . . . . . .  Cntirmters 

. . . . . . . . . . . .  Centimeten . . . . . . . . . . . . . . .  Melerl 

............ Kilometers 

............... Metea 

. . . . . . . . . . . . . . .  M e t m  

............ Kilometen 

Square in& ........... 6.4516 lexsctlyl . ............ Squarecentimeters 
S q u m  h e t  . . . . . . . . . . . .  '929.03 . . . . . . . . . . . . . . . . . . . .  Square ontimeters 
Squam feet ............ 0.092903 .................... S w a a  mtm 
Sqi:ere yards ........... 0.838127 .................... Square meters 
Am- ................ '0.4W69 ........................ Hatams 
A c r s . . . .  . ........... '4.0469 ........................ Square m e a r  
A u a  . . . . . . . . . . . . . . . .  'O.OMM69 . . . . . . . . . . . . . . . .  Square kilometers 

. . . . . . . . . . . . .  Square miles 2.58999 . . . . . . . . . . . . . . . . . .  Squsm kllometwr 
. . .  

VOLUME 

Cubic inches . . . . . . . . . . .  16.3671 . ; . . . . . . . . . . . . . . . . .  Cubiscentimeten 
Cubic feet . . . . . . . . . . . . .  0.0283168 . . . . . . . . . . . . . . . . . . . .  Cubic meters 
Cubic yards ............ 0.764555 . . . . . . . . . . . . . . . . . . . .  Cvbis meters 

CAPACITY 

Fluid ounaer IUS.1 . . . . . . .  29.5737.. . . . . . . . . . . . . . . . . .  Cubiccentimeten 
Fluid ounwr IUS.1 . . . . . . .  29.5729. . . . . . . . . . . . . . . . . . . . . . . .  Milliliters 
Liquid p inu IU.S.1 ........ 0.473179 . . . . . . . . . . . . . . . . . .  Cubic dssirnstsrr 
Liquid pints [U.S.) . . . . . . . .  0.473186 . . . . . . . . . . . . . . . . . . . . . . . .  Li twr  
Ouan: 1US.l . . . . ....... '946.358' . . . . . . . . . . . . . . . . . . .  Cubic centimeters 
Ouam IUS.1 . . . . . . . . . . .  .0.946331 . . . . . . . . . . . . . . . . . . . . . . . .  Liters 
Gaiionr IUS.1 ........... -3,785.43 . . . . . . . . . . . . . . . . . . . .  Cubiscentimsterr 
Gallons (US.) : . . . . . . . . . .  3.78543 . . . . . . . . . . . . . . . . . . .  Cubicd6cimtars 

. . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . .  Gallons (US.) 3.78533.. Liters 
'0.W378543 . . . . . . . . . . . . . . . . . . .  Cubic meten . . . . . . . . . . . . .  Gallons lUS.1 

Gailw%(U.K.l . . .  .: . . . . . .  4.54609 . . . . . . . . . . . . . . . . . . .  Cvbicdec immn 
. . . . . . . . . .  Gallanr IU.K.1 4.54596 . . . . . . . . . . . . . . . . . . . . . . . . .  L i t c n  

Cubic feet . . . . . . . . . . . . .  28.3160.. . . . . . . . . . . . . . . . . . . . . . . . .  Liters 
Cubic yards . . . . . . . . . . . .  '764.55 . . . . . . . . . . . . . . . . . . . . . . . . . . .  Liters 
Acrefeet . . . . . . . . . . . . .  .1.233.5 . . . . . . . . . . . . . . . . . . . . . . . .  Cubic meters 
Awefeet . . . . . . . . . . . .  '1.233.500 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Literr 



Table iI 

OUANTlTlES AN0 UNITS OF MECHANICS - 
M u l u ~ l v  BY To obtan 

M_ASS 

Grains l l l7,[Yalbl . . . . . . . . .  
Troy ovna l  1480lp.alrnl . . . . . .  
O u m r  lanlpl . . . . . . . . . . . .  
Polnds l d p l  . . . . . . . . . . . .  
Shrt tm%l2,WOIbl  . . . . . . . .  
shn  mns 12.0mlbi . . . . . . . .  
LOnptonr12.2401bl . . . . . . . .  

~ 7 8 a s l  iexactlyl . . . . . . . . . . . . . . . . . . . . . . . .  ~ i l l s r a m r  
31.1035 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Grams 
28.3445 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Grams 
0.45358237 Inact ly l  . . . . . . . . . . . . . . . . . . . . . .  Kilognms 

807.185 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Killmams 
0907185 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Melrk lml 

1,015.fJ5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Kllogrrml 

- FORCEIAREA 

MASSlCAPAClTl 
... 

Ouoerprgal lon W.:I ...... 7.4883 . . . . . . . . . . . . . . . . . . . . . . . . . .  G r a r n r p  liter 
Dunerparmllon iU.K.1 . . . . . .  6.2352 . . . . . . . . . . . . . . . . . . . . . . . . . . .  G r m s p r  tfm 
Pwndlpergal l~n IU.S.1 ...... 118.828 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Gram$per lia 
P w n d l ~ e r ~ s l l o n  iU.K.1 . . . . . .  99.778 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Gramsper liter 

BENDING MOMENT OR TORQUE 

VELOCITY 

F m t p w  m o d  . . . . . . . . . . .  3048 Cracllyl . ................. Ccntimslan pw second 
Fmtper -nd . . . . . . . . . . .  O m 8  l a i a ! v l '  . . . . . . . . . . . . . . . . . . .  Meleor pw m o o d  
Fmtper~ear  . . . . . . . . . . . . .  .0.965873 x l o d  . . . . . . . . . . . . . . .  Cmlimamrr p r  pond 
M i l r % w  hour . . . . . . . . . . . .  1.UYJ344 I ~ x r c l l v l  . . . . . . . . . . . . . . . .  K i l o m k r s p r  h m r  
Miles w h u r  . . . . . . . . . . . .  0047C4 lexirt lyl . . . . . . . . . . . . . . . . . . .  Materr pr ~ o n d  

ACCELERATION' 

~ m t  psrrocond2. . . . . . . . . . .  . 0 . W  . . . . . . . . . . . . . . . . . . . . . . . . .  Moms p r s h p n d 2  

Cubic feet mr-nd 
Ilemnd.fe4 . . . . . . . . . . . .  '0.028117 . . . . . . . . . . . . . . . . . . . . .  Cubicmst. rsprwrmd 

Cub 'c l sa l~smbuta  ........ 0.4718 . . . . . . . . . . . . . . . . . . . . . . . . . .  Li~l rsper m o o d  
Gallunr lU.S.1 perminvie . . . . . .  0.08309 . . . . . . . . . . . . . . . . . . . . . . . . . .  L k n  per rcond  

True I l -  con,,nucO 
-- - 

Mlillmply -- BY TOYbtaln 

- WORK AND ENERGY' 

8rifirh thermal units i ~ t u l  ..... '0.252 . . . . . . . . . . . . . . . . . . . . . . . . .  ~i~ogramcr lor isr  
. . . . .  Bcil lh thermal vnirr i t l ful 1,055.M . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  hulas 

Btu p rpound  . .  .:. . . . . . .  2.:11B lexmtlvl . . . . . . . . . . . . . . . . . . . . . . .  Joules p r g r r m  
Fmtpounds . . . . . . . . . . . . .  '1.35582.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Jaulst 

H a r l s m w  . . . . . . . . . . . . . .  745.700 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . ~ a l t s  
8 w  wr hour . . . . . . . . . . . . .  0.293071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Wsftr 
Faalpoundr p r  lomnd . . . . . .  1.35582 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  WaIU 

- HEAT TRCNSFER 

B N  in.lhr h2dpgree F lk. 
L ~ S T ~ B I  mnductGty1 . . . . . . .  1.442 . . . . . . . . . . . . . . . . . . . . . . .  M i l l i w ~ f u l m d o g r e ~ c  

81. in./hr h2degra. F lk. 
thwmrl mnduc4iriwl . . . . . . .  0.1240 . . . . . . . . . . . . . . . . . . . . . . .  Kgcslhr m d w e c  

801 hlhr  n2 degree F . . . . . . . .  '1.4880 . . . . . . . . . . . . . . . . . . . . .  Kg cal mlhr m2 dogree c 
Brulhr n 2 d w m F  IC. 

.~ t h s m l  mndurtanc4 . . . . . . .  0.568 . . . . . . . . . . . . . . . . . . . . . . .  ~ i l l i w a u d c m ~  dewc C 
BIuhr h2 d w m  F IC. 

thermai mndurtancal . . . . . . .  0.082 . . . . . . . . . . . . . . . . . . . . . . . .  ~ g w ~ i n r m ~  d c p p . ~  
D m  F hr 112/8t~ IR. 

(.'.wml nllSanc41 . . . . . . . . .  1.761 . . . . . . . . . . . . . . . . . . . . . . .  Deg* C rm21milliwa!t 
Btullbbpree F C. heat capr i ty l  . 4.1868 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Jlg dew- C 
Blullbdapms F . . . . . . . . . . .  .I.D30 . . . . . . . . . . . . . . . . . . . . . . . . . .  Cullgmm d w w C  
Ft21hr Ihhermsl dilCtiliW1 . . . .  0.1581 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  cm21r r  
F12hr I lhermsldll lutl~lfyl . . . .  ,- '0.L8290 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  M21hr 

WATER VAPOR T R A N S M l s s l o N  

G r r i n h  It2 lwaterua~orl 
Uanlrniulonl . . . . . . . . . . . .  187 . . . . . . . . . . . . . . . . . . .  : .. . . . . . . . .  ~ r a m r i 2 4  hrm2 

PDM I p m e m ~ I  . . . . . . . . .  0.558 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Metric p rms 
Psrm4rrh~%lprmeabilityl . . . .. 1.57 . . . . . . . . . . . . . . . . .  : . . . . .  Mewlc m s e n t l n r l r n  

sbll Ill 

OTHER OUANTITIES AN0 UNITS 

Multlplv BY TO obtain 

Cubic l s a t p r  muao lrnl p r  &y l r e ~ m l  . . . .  304.8 . . . .  
Pmnd.=mdzprqwrsfoot  lvirrorityl ...... '4.8824 . .  
S l l l n  krt pr -d  irluoW . . . . . . . . . . .  '0.092803 . 
F*lmhaitdeaem khanwl' . . . . . . . . . . . . .  518 e r m l y  
VolU w m i l  . . . . . . . . . . . . . . . . . . . . . .  0.03837 . 
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